Bronchial stenosis in lung transplant recipients is a common disorder that adversely affects clinical outcomes. It is evaluated by spirometry, CT scanning, and bronchoscopy with significant limitations. We hypothesize that MRI using both ultrashort echo time (UTE) scans and hyperpolarized (HP) 129 Xe gas can offer structural and functional assessment of bronchial stenosis seen after lung transplantation. Six patients with lung transplantation-related bronchial stenosis underwent HP 129 Xe MRI and UTE MRI in the same session. Three patients subsequently underwent airway stent placement and had repeated MRI at 4-week follow-up. HP 129 Xe MRI depicted decreased ventilation distal to the stenotic airway. After airway stent placement, MRI showed that lowventilation regions had decreased (35% vs. 27.6%, p = 0.006) and normal-ventilation regions had increased (17.9% vs. 27.6%, p = 0.04) in the stented lung. Improved gas transfer was also seen on 129 Xe MRI. There was a good correlation between UTE MRI and independent bronchoscopic airway diameter assessment (Pearson correlation coefficient = 0.92). This pilot study shows that UTE and HP 129 Xe MRI are feasible in patients with bronchial stenosis related to lung transplantation and may provide structural and functional airway assessment to guide treatment. These conclusions need to be confirmed with larger studies.
Bronchial stenosis in lung transplant recipients is a common disorder that adversely affects clinical outcomes. It is evaluated by spirometry, CT scanning, and bronchoscopy with significant limitations. We hypothesize that MRI using both ultrashort echo time (UTE) scans and hyperpolarized (HP) 129 Xe gas can offer structural and functional assessment of bronchial stenosis seen after lung transplantation. Six patients with lung transplantation-related bronchial stenosis underwent HP 129 Xe MRI and UTE MRI in the same session. Three patients subsequently underwent airway stent placement and had repeated MRI at 4-week follow-up. HP 129 Xe MRI depicted decreased ventilation distal to the stenotic airway. After airway stent placement, MRI showed that lowventilation regions had decreased (35% vs. 27.6%, p = 0.006) and normal-ventilation regions had increased (17.9% vs. 27.6%, p = 0.04) in the stented lung. Improved gas transfer was also seen on 129 Xe MRI. There was a good correlation between UTE MRI and independent bronchoscopic airway diameter assessment (Pearson correlation coefficient = 0.92). This pilot study shows that UTE and HP 129 Xe MRI are feasible in patients with bronchial stenosis related to lung transplantation and may provide structural and functional airway assessment to guide treatment. These conclusions need to be confirmed with larger studies.
Introduction
Central airway obstruction is increasingly recognized as an important disorder, affecting the quality of life and survival of patients with malignant and nonmalignant pulmonary diseases (1) . Bronchial stenosis has been estimated to affect about 15% of patients who have undergone lung transplantation, with possible etiologies including airway ischemia, infection, and rejection (2, 3) . It leads to respiratory failure and prolonged hospitalization and adversely impacts quality of life, allograft function, and survival (4-6). The diagnosis is usually established by pulmonary function tests (PFTs) and CT scanning, followed by bronchoscopy. Although pulmonary function testing is commonly used for the assessment of bronchial stenosis, it is effort dependent, cannot localize the site of obstruction, and is fundamentally hampered by low specificity, as multiple etiologies such as rejection and infection can lead to abnormal results (7, 8) . PFTs are also prone to substantial variability and correlate poorly with clinical outcomes (7, (9) (10) (11) . Alternatively, chest CT scanning, including multiplanar reformations and three-dimensional reconstructions, can be used for airway imaging but is associated with the inherent risk of radiation. Moreover, it can be difficult to know if the airway lesions that are seen on CT affect function (12, 13) . Flexible bronchoscopy is the primary modality used in the diagnosis and management of airway stenosis, but the estimation of stenosis by bronchoscopists has also been shown to be subjective and variable (14, 15) . In view of the limitations of these currently available modalities, the management of bronchial stenosis remains inconsistent and subjective between physicians, which can lead to poor patient outcomes. Hence, there is a need for an objective and noninvasive modality for structural and functional assessment of airway stenosis.
MRI is not traditionally used to evaluate the lungs owing to the challenges of encoding signal from the pulmonary tissues. However, recent advances in technology have led to MRI with ultrashort echo time (UTE) to enable improved structural imaging of the lungs (16, 17) . It is now possible to combine this with novel approaches to assess lung physiology, in particular the use of hyperpolarized Xe (HP 129 Xe) gas MRI to image ventilation (18) (19) (20) . It enables the distribution of a single inhalation of Xe gas to be visualized in the airspaces, providing a map of quantitative regional ventilation (18, 21) . Moreover, Xe diffuses into the red blood cells (RBCs), where it can be imaged separately from Xe in the airspaces because of its distinct resonant signal frequency. This can provide unique regional gas transfer information (18) . MRI can be completed within 5 min, with about a 10-second breath hold, which makes it clinically feasible. Given these novel technical advancements, we hypothesized that the combination of UTE and HP
129
Xe MRI could comprehensively assess bronchial stenosis in lung transplant patients, providing structural details of the airway morphology and quantitative ventilation and gas transfer information. We further hypothesized that such a comprehensive imaging protocol could be used to evaluate outcomes after airway stent placement.
Methods

Subject selection
Inclusion criteria consisted of adult lung transplant patients who developed of persistent, symptomatic bronchial stenosis and were referred for airway stent placement. Bronchial stenosis was diagnosed with the use of flexible bronchoscopy and was defined as inability to introduce a bronchoscope with 6.3-mm outer diameter into the bronchi, which are usually easily traversable (3). Subjects were excluded if they had standard MRI contraindications. We prospectively enrolled six subjects who met the criteria. All subjects provided informed consent before study inclusion. The study was approved by the Duke University Institutional Review Board (Pro00025110 and Pro00001506) and registered at clinicaltrials.gov (NCT01280994).
Six subjects underwent initial HP 129 Xe MRI when referred for airway stent placement. Four of these patients had UTE MRI performed in the same session. All subjects had PFTs performed and provided responses on the University of California San Diego Shortness of Breath Questionnaire (SOBQ) to assess dyspnea and on the 36-Item Short Form Health Survey (SF-36) to assess quality of life. Next, three subjects underwent airway stent placement with flexible and rigid bronchoscopy. In these subjects, MRI, PFTs and the SOBQ and SF-36 were repeated 4 weeks after stent placement ( Figure 1 ). Xe MRI, subjects underwent isotropic, high-resolution morphological imaging during 4 min of free-breathing, using a UTE threedimensional radial sequence. This generated images with 2.5-mm isotropic resolution to provide anatomic details similar to a CT scan (22) . ventilation and high ventilation. The bin widths and locations were derived based on a reference population consisting of 12 normal subjects (23) . In these maps, green represents normal ventilation, yellow/orange depicts low ventilation, and red indicates minimal or no ventilation. Blue depicts regions with high ventilation. These maps enable quantitative and unbiased reporting of the percentage of lung volume falling into each category of ventilation, as shown and validated in our previous study (23) . Similarly, color-coded binning maps were generated to characterize regional 129 Xe uptake by RBCs (24) . UTE MR images were reviewed and interpreted by a radiologist who was blinded to the assessment by bronchoscopy. The minimum diameter of the airway at the stenosis site was measured and compared with the proximal normal airway to obtain percentage of patent airway. It was compared with an independent flexible bronchoscopic assessment of the patent airway diameter.
MR image acquisition
Shortness of breath and quality of life questionnaires
Shortness of breath was assessed by using the SOBQ, and quality of life was accessed by using the SF-36. Minimal clinically significant differences of 8 (range 5-11) and 3 (range 2-4) in SOBQ and SF-36 scores, respectively, have been described in patients with central airway obstruction (6) .
Pulmonary function testing
PFTs were performed according to American Thoracic Society guidelines (25) with Vmax Autobox (Carefusion, San Diego, CA). An increase of forced expiratory volume at 1 s (FEV 1 ) or forced vital capacity (FVC) of 200 ml was considered clinically significant (6).
Therapeutic bronchoscopy interventions
Bronchial stenosis was initially treated with repeated balloon dilation (controlled radial expansion pulmonary balloon dilators; Boston Scientific, Marlborough, MA) as described previously (6) . If the obstruction recurred, the patients were referred for airway stent placement. MRI was performed before and after stent placement. Airway stenting was performed by using a rigid bronchoscope (Bryan Corporation, Woburn, MA), which was inserted in the airway, under general anesthesia. Patients were ventilated by using an automated jet ventilator (Bear Jet-150). Rigid telescope, flexible bronchoscope, and other instruments were inserted through the primary lumen of the rigid bronchoscope. After balloon dilation, silicone stents (NOVATECH Dumon stents; Boston Medical Products, Inc., Westborough, MA) were placed in the stenotic airway. 
Statistical analysis
Results
All the subjects underwent MRI without any adverse events to obtain the desired studies. Patient characteristics are described in Table 2 . The median age was 60 years (IQR, 14.7), and the majority were male. Three subjects underwent bilateral orthotopic lung transplantation (BOLT). One of these patients developed stenosis of the right main stem bronchus and bronchus intermedius, while the other two developed stenosis of bronchus intermedius. These subjects underwent MRI along with spirometry and questionnaires followed by rigid bronchoscopy and silicone stent placement. Follow-up studies along with bronchoscopy were obtained at a median of 26 days from the initial studies.
The ventilation of the lobes affected by the stenotic airway was impaired, as shown by the HP 129 Xe MRI (Figures 2-7) . After the successful stent placement, the airway stenosis resolved, as seen on UTE MRI, and the regional ventilation improved, as seen on HP 129 Xe MRI (Figures 2-7) . Stenting also diminished hyperventilation of the lung contralateral to stenotic lung (Figures 3 and 6 ). This is quantitatively reflected in a significant reduction of low-ventilation regions (35.2% vs. 27.6%, p = 0.006) with an increase in normal-ventilation regions in the stented lung (17.9% vs. 27.6%, p = 0.04), as shown in Table 3 and Figure 7 . High-ventilation regions decreased in the contralateral nonstenotic lung, indicating that ventilation distribution normalized after stenting (11.7% vs. 4.8%, p = 0.04). Gas transfer data on 129 Xe MRI were available in two of three patients who received stents. The improved regional ventilation led to improved gas transfer as shown in Figure 4 , where regions that became ventilated after right lung stenting now showed gas transfer to be partially restored.
After the stent placement, FEV 1 and FVC improved in all subjects (Table 4) . Diffusion capacity for carbon monoxide (DLCO) was available for two subjects, before and after the stent placement, and there was no clinically meaningful change with stenting. The scores of SOBQ and many of the quality of life domains of SF-36 improved beyond the threshold for minimal clinically significant difference (Table 4) . However, statistically significant improvement was seen only in FEV 1 (p = 0.02).
Exact diameter of the airway can be measured with UTE MRI. However, during bronchoscopy, exact diameter of airway is not typically measured and a subjective assessment of percentage of stenosis is provided. In all cases, UTE MRI could accurately depict the narrowing of the affected airways when compared with bronchoscopy, as shown in Figures 2-8 and Table 5 . The Pearson correlation coefficient between UTE MRI diameter and independent bronchoscopic diameter assessment was 0.92. Because the airway is dilated before stent placement, MRI-depicted diameter was not helpful for stent diameter selection. The stenosis length measurement by MRI may help to choose stent length (Table 5) .
To assess the feasibility of UTE and HP 129 Xe MRI in patients with metal stents, we recruited subject 4, who had received a left single orthotopic lung transplant (SOLT) and developed stenosis in the left upper lobe, where an uncovered nitinol metal stent (Ultraflex; Boston Scientific, Marlborough, MA) had previously been placed. MRI showed the stenosis and decreased ventilation in left upper lobe without any significant artefacts (Figure 8) .
MRI findings correlated with fiberoptic bronchoscopy and helped guide treatment in two other subjects. Subject 5 developed left upper and lower lobe airway stenosis after BOLT. Left lower lobe stenting was initially planned, but his bronchoscopy showed mild stenosis and HP 129 Xe MRI verified that ventilation in left lower lobe was largely normal. Hence, left lower lobe stenting was not pursued. Subject 6 was referred for stent placement in bronchus intermedius stenosis after repeated balloon dilations previously. UTE MRI showed no significant stenosis and 129 Xe MRI revealed diffuse, heterogeneous ventilation impairment not indicative of a single stenotic lesion. This was followed by bronchoscopy, which confirmed the MRI findings (Figure 9 ), and an airway stent was not placed. Transbronchial biopsy specimens showed acute rejection, which explained patient's deteriorating pulmonary function.
Pre-stent
Discussion
To the best of our knowledge, this is the first study to show that combined UTE and HP 129 Xe MRI can be performed for both structural and functional evaluation of bronchial stenosis. UTE MR images provided structural details of the stenotic airways. HP 129 Xe MRI demonstrated decreased ventilation in the lung distal to stenotic airway and high ventilation to the contralateral normal lung. The ventilation defects in stenotic and contralateral lungs improved after stent placement. Improved ventilation in the stenotic lung also caused gas transfer to be restored. HP 129 Xe MRI was performed with only 8-12 s of breath hold, while UTE MRI was completed within 4 min of free-breathing, thus making it feasible for clinical application.
After stent placement in two of the three subjects, improvements in regional ventilation depicted by HP 129 Xe MRI correlated with improvement in spirometry, decreased dyspnea, and improved quality of life as shown by SOBQ and SF-36 questionnaire scores. However, in subject 3, despite improvement of ventilation and gas transfer with HP 129 Xe MRI and spirometry, SOBQ and SF-36 scores deteriorated. The improvement in objective parameters led to exploration of other causes, and this discordance was attributed to depression. Another interesting finding in this cohort of subjects was the presence of hyperventilation in the Xe ventilation image and 6-bin ventilation map of subject 2. Impaired ventilation (orange color) of right middle and lower lobes with improvement (green color) after stent placement. Hyperventilation (blue color) of contralateral nonstenotic left lung improved after stent placement. normal lung, contralateral to the stenotic airway. Stent placement caused this hyperventilation to improve. We did not find a significant improvement in DLCO after stent placement, which may indicate that total DLCO may not be sensitive to focal improvements in gas exchange.
Today, spirometry is used to assess functional impairment in patients with central airway obstruction (1) . However, in a heterogeneous disorder like bronchial stenosis, such global measurements combine the contribution of normal and abnormal segments. Therefore, in this setting, spirometry is neither sensitive nor specific (7, 9) . Further, spirometry may not correlate well with patient's symptoms, a phenomenon also seen in COPD (10, 11) . This was observed by Handa and colleagues, who treated 20 patients with central airway obstruction of malignant and nonmalignant etiologies. They found that the impairment detected on spirometry was not specific to airway obstruction and did not correlate with improvement in dyspnea after treatment (7) . Because of this limitation of PFT, functional imaging with HP MRI is being explored for a variety of lung disorders, including asthma, COPD, interstitial lung disease, and bronchiolitis obliterans related to lung transplantation (26) (27) (28) (29) (30) . To the best of our knowledge, this is the first study to show the feasibility of HP 129 Xe MRI to assess quantitative functional decline of ventilation and gas transfer in areas affected by bronchial stenosis and improvement with stent placement. It is widely known that bronchoscopists' estimation of central airway stenosis is subjective and inconsistent (14, 15) . Murgu and colleagues reported that in 35 bronchoscopic still images, severity of 47% of airway strictures were classified incorrectly on subjective assessment by experienced pulmonologists compared with morphometric bronchoscopy (15) . The bronchoscopic evaluation is affected by the patient's phase of respiration, breathing effort, and distance of the tip of bronchoscope from the lesion. In addition, it is often hard to correlate or estimate the consequence of mild to moderate stenosis on dyspnea or spirometry. Thus, UTE/HP 129 Xe MRI would represent a step toward objectively quantifying the size of stenosis and its effect on ventilation and gas transfer. It can potentially replace CT scanning for airway imaging and avoid associated radiation (13) . As shown in subjects 3, 5 and 6, This is the first study to demonstrate that UTE and HP 129 Xe MRI can be performed during a single session to noninvasively assess bronchial stenosis, plan a therapeutic procedure, and determine the efficacy of an intervention. Although the current study does not address this, MRI can potentially assess stent migration and stent blockage, which are common complications after stent placement. Its use can be extended to a variety of malignant and nonmalignant disorders with central airway 129 Xe ventilation image and 6-bin ventilation map showed impaired ventilation of left upper lobe (red color) and normal-high ventilation (green-blue color) of left lower lobe. UTE, ultrashort echo time. obstruction. It can also serve to evaluate patients for lung volume reduction surgery and replace the ventilation-perfusion studies performed for lung transplant candidates. Limitations of our study include a small cohort that prevents making definitive conclusions despite statistically significant improvement in some of the key outcomes. A larger study is required to validate our findings. Another limitation of the study is the inclusion of patients with lung transplantation-related airway stenosis only.
In conclusion, results of this pilot study indicate that a comprehensive imaging protocol consisting of UTE sequences and HP
129
Xe MRI may be an important adjunct for structural and functional evaluation of lung transplantation-related bronchial stenosis. It may offer objective assessment and address the limitations of currently available modalities. The application of this promising imaging approach should be further explored by larger studies in a wide variety of central airway disorders. Xe ventilation image and 6-bin ventilation map showed normal to high ventilation (green-blue color) of right middle and lower lobes. UTE, ultrashort echo time.
